Objectives: To gain insight into the propagation of miltefosine (MIL) resistance in visceral leishmaniasis, this laboratory study explored development of resistant parasites with a defective miltefosine transporter (MT) in sand flies. Methods: Infectivity, colonization of stomodeal valve and metacyclogenesis of a MIL-resistant (MIL-R) Leishmania infantum LEM3323 line with a defective MT were assessed in the natural sand fly vectors Phlebotomus perniciosus and Lutzomyia longipalpis. Given our recent description of partial drug dependency of the MT-deficient line, the impact of MIL pre-exposure on sand fly infectivity was explored as well.
Introduction
Visceral leishmaniasis (VL) is a lethal neglected tropical disease caused by Leishmania donovani and L. infantum and is transmitted by the bites of infected female phlebotomine sand flies (Kamhawi, 2006) . Infections by L. donovani occur in the Indian subcontinent, South Asia and East Africa, while L. infantum affects mainly populations in the Mediterranean basin and Latin America (Ready, 2014) . Lutzomyia longipalpis and Phlebotomus perniciosus, the sand fly species reported in this paper, are natural vectors of L. infantum respectively in Latin America and the Mediterranean basin (Dvorak et al., 2018) . For all Leishmania species developing within the sand fly, the parasites migrate anteriorly into the thoracic midgut where they differentiate into highly motile infective metacyclic promastigotes through a process called metacyclogenesis (Rogers and Bates, 2007) and which is essential for transmissibility to the mammalian host (Aslan et al., 2013; Serafim et al., 2018) . The stomodeal valve is a small structure that regulates blood intake during feeding located between foregut and midgut, called the cardia. In infected sand flies, the stomodeal valve is colonized by various stages of promastigotes (Rogers et al., 2008) and transmission occurs when infective parasites are regurgitated from the cardia into the host tissue (Volf et al., 2004) .
Miltefosine (MIL) (hexadecylphosphocholine) is the only oral antileishmanial drug currently available, however, its effectiveness in India and Nepal is decreasing with relapses in up to 20% of the cases (Rijal et al., 2013; Sundar et al., 2012) . Because of its long half-life of about 150 h and long treatment course of 28 days, it is prone to the development of resistance (Pandey et al., 2016; Perez-Victoria et al., 2006b) . Rather surprisingly, very few fully MIL-resistant (MIL-R) field isolates have yet been reported (Cojean et al., 2012; Hendrickx et al., 2014; Srivastava et al., 2017) . A common feature in these MIL-R strains is a defect in the inward MIL transporter (MT) and/or its beta subunit Ros3 causing a decreased MIL accumulation . We also recently observed that a mutation in the MT causes a severe fitness loss resulting in a compromised ability to multiply in mice. Quite unexpectedly, when this MT-defective line was exposed to MIL, parasite virulence reappeared, revealing a drug-dependent phenotype (Eberhardt et al., 2018) . To obtain a better phenotypic insight into the impact of resistance acquisition, the present laboratory study evaluated the fitness of an in vitro selected MIL-R parasite line inside the natural sand fly vector.
Materials and methods

Ethics statement
Experiments using laboratory rodents were carried out in strict accordance with all mandatory guidelines (European Union directives, including the Revised Directive, 2010/63/EU on the Protection of Animals Used for Scientific Purposes that came into force on January 01, 2013, and the Declaration of Helsinki in its latest version) and were approved by the ethical committee of the University of Antwerp, Belgium (UA-ECD, 2017-78). Maintenance of sand fly colonies and experimental infections of sand flies in Prague were approved by the Committee on the Ethics of Laboratory Experiments of the Charles University in Prague and were performed under permit no. MSMT-10270/2015-6 of the Ministry of the Environment of the Czech Republic.
Mice and sand flies
Female Swiss mice (20-25 g) were purchased from Janvier (France). Food for laboratory rodents (Carfil, Arendonk, Belgium) and drinking water were available ad libitum. In Prague, BALB/c mice (AnLab) were provided with a standard feed mixture ST-1 (Velaz) and water ad libitum, with a 12 h light/12 h dark photoperiod, temperature 22-25°C and humidity 40-60%. Flies were maintained at the insectary of Charles University, Prague, Czech Republic (P. perniciosus) and at the Laboratory for Microbiology, Parasitology and Hygiene, University of Antwerp, Belgium (L. longipalpis), as described elsewhere (Volf and Volfova, 2011) . In brief, flies were kept in cages at 25-26°C and 70-80% relative humidity. Cotton wool soaked in 30% sugar solution was provided for feeding the adults. Larvae were fed three times a week with a mixture of fermented rabbit feces, rabbit pellets and mice pellets. Blood feeding of adult females was performed once weekly on anesthetized (1.75 mg/20 g ketamine and 0.25 mg/20 g xylazine) mice.
Leishmania strains
Sand fly infections were performed with (i) the parental wildtype (WT) L. infantum strain MHOM/FR/96/LEM3323, a MIL-susceptible clinical strain isolate from a French HIV co-infected patient (kindly provided by Dr. L. Lachaud, Centre National de Référence des Leishmania, Montpellier, France); (ii) the in vitro selected MIL-R LEM3323 line (Eberhardt et al., 2018; Hendrickx et al., 2015) and (iii) the episomally transfected MIL-R LiMT LEM3323 line showing restored MIL susceptibility . Promastigotes were grown in the absence of MIL in HOMEM (Gibco®, Life Technologies, Ghent, Belgium), supplemented with 200 mM L-glutamine, 16.5 mM NAHCO 3 , 10% heat-inactivated FCS, 40 mg/L adenine, 3 mg/L folic acid, 2 mg/L D-biotin and 2.5 mg/L hemin at 25°C and were sub-cultured twice weekly. The episomally rescued MIL-R LiMT transfectant was grown under hygromycin pressure. The used WT and MIL-R parasite lines were previously subjected to a WGS-analysis . Only one gene was found to be changed from a homozygous reference sequence to a homozygous variant (indel LinJ.13.1590 or LiMT). From the karyotype point of view, MIL-R showed a decrease in copy number of four chromosomes (1, 2, 9, 12 ) as compared to the WT line.
Sand fly infections
Sugar was removed from the adults 12 h before infection. Flies were fed through a chicken skin membrane with defibrinated and heat-inactivated rabbit blood (P. perniciosus) or heparinized mouse blood (L. longipalpis) containing 1 × 10 6 /mL (P. perniciosus) or 5 × 10 6 /mL (L. longipalpis) promastigotes from log-phase cultures. To study the impact of MIL pre-exposure on sand fly infectivity, MIL-R promastigotes were cultured for 1 week in HOMEM in the presence of 40 μM MIL (Carbosynth, Berkshire, UK) prior to spiking into the infectious blood meal. Only blood-fed females were used for analysis and were separated 24 h after feeding.
Sand fly dissections
Dissections were performed at days 2, 5, 9, 12 and 15 post blood meal (PBM). For each time point, parasite load and percentage infected flies were determined. The gut was dissected under a dissection microscope and collected in 50 μL DPBS (Gibco™, ThermoFisher Scientific). Subsequently, the guts were crushed with a pestle for parasite counting in a KOVA chamber. The location (abdominal midgut, thoracic midgut, cardia, stomodeal valve) and intensity of infection was inspected microscopically and scored as light (< 100 parasites), moderate (100-500 parasites) or heavy (> 500 parasites). Parasites isolated from L. longipalpis on day 9 post-infection (DPI) were cultivated in HOMEM promastigote medium supplemented with 5% penicillinstreptomycin. When sufficiently dense log-phase post-fly cultures were obtained, a standard MIL susceptibility assay was performed, as described in 2.7. All experiments were performed in at least two independent replicates.
Morphometry of parasites
At different time points PBM, the digestive tract of sand flies was dissected and the location of infection was examined microscopically. Morphometric analysis was performed on midgut smears upon fixing with methanol and staining with Giemsa. Cell body length and flagellar length of randomly selected parasites were measured using Image-J software (Schneider et al., 2012) . The promastigote flagellum/cell body length ratio was determined as a measure for metacyclogenesis. Parasites with a ratio > 2 were considered as metacyclics (Zakai et al., 1998) .
Drug susceptibility determination
Standard promastigote and intracellular amastigote susceptibility assays were performed to assess MIL susceptibility (Vermeersch et al., 2009) . In brief, 50% inhibitory concentrations (IC 50 ) were determined by exposing log-phase promastigotes to two-fold serial dilutions of MIL starting from 40 μM. After 72 h incubation, promastigote susceptibility was determined by viability testing upon addition of resazurin and fluorescence reading (Tecan®, GENios). For amastigote susceptibility determination, primary peritoneal macrophages were harvested from starch-stimulated female Swiss mice. About 24 h after seeding, the cells were infected with stationary-phase promastigotes at a 10:1 multiplicity of infection. Residual extracellular promastigotes were removed 24 h later by washing and two-fold MIL dilutions were added. After 96 h of drug exposure at 37°C and 5% CO 2 , the plates were stained with Giemsa and IC 50 s were determined microscopically by comparing the intracellular amastigote burdens between treated and untreated cells.
Statistics
Differences in percentage infected flies and colonization of the stomodeal valve were analyzed with Chi-square (χ 2 ) tests, parasite counts and flagellum/cell body length ratios were tested by an independent samples t-test or a one way ANOVA test in SPSS version 24. Data over multiple time points (7-15 DPBM) were also subjected to a repeated measures ANOVA with a Bonferroni correction for multiple comparisons test. Graphs were made with GraphPad Prism.
Results
MIL-R parasites are hampered in their development in P. perniciosus and L. longipalpis
The MIL-R line, harboring the MT-deficiency and a decreased copy number of four chromosomes, was previously shown to display a decreased rate of in vitro promastigote growth and metacyclogenesis (Eberhardt et al., 2018; Hendrickx et al., 2016) . In sand flies, the MIL-R line was significantly impacted in its infectivity as compared to the isogenic WT line (Fig. 1) . At 9 days PBM, a significant difference in percentage of infected flies was observed, which was higher for L. longipalpis (WT 78.9% -MIL-R 24.7%) as compared to P. perniciosus (WT 33.3% -MIL-R 10.2%) ( Fig. 1A and B ). The proportion of heavy and moderate infections tended to be higher amongst infected flies at 5 days PBM with WT parasites [L. longipalpis (WT 88.9% -MIL-R 41.7%, p = 0.014) and P. perniciosus (WT 100.0% -MIL-R 70.0%, p = 0.052)] but was not significantly different at 9 dpi [L. longipalpis (WT 78.6% -MIL-R 66.7%, p = 0.251) and P. perniciosus (WT 85.7% -MIL-R 80.0%, p = 0.624)] (Fig. 1C and D) . When measuring the flagellar/cell body length ratio as indicator for metacyclogenesis, the MIL-R line displayed a significantly lower flagellum/cell body length ratio at 9 days PBM compared to the WT in L. longipalpis (WT 1.31 ± 0.03 μm -MIL-R 1.17 ± 0.03 μm) and in P. perniciosus (WT 1.37 ± 0.03 μm -MIL-R 1.20 ± 0.02 μm) ( Fig. 1E and F) . The percentage of metacyclic parasites at 9 DPBM per infected fly were calculated to be lower for the MIL-R strain (L. longipalpis 4.9% and P. perniciosus 5.5%) compared to the WT strain (L. longipalpis 10.7% and P. perniciosus 8.3%). Since colonization of the stomodeal valve is prerequisite for transmission potential to the mammalian host (Rogers and Bates, 2007) , the location of infection inside both vectors was investigated ( Fig. 1G and H) : WT more efficiently (p < 0.05) colonized the stomodeal valve (P. perniciosus 14.3% -L. longipalpis 46.7%) compared to MIL-R (P. perniciosus 2.0% -L. longipalpis 4.9%). Repeated measure ANOVA with Bonferroni multiple comparisons test of the data over multiple time points (7-15 DPBM) of all experiments performed in L. longipalpis (Fig. 2) , revealed a significantly hampered infection of the MIL-R line for all infection parameters assessed: percentage infected flies (p < 0.001), parasite load (p < 0.0001), stomodeal valve colonization (p < 0.05) and metacyclogenesis (p < 0.01).
Episomal reconstitution of MIL-R with WT LiMT restores the metacyclogenesis inside both vectors
Introducing the WT transporter into the MIL-R line tended to cause a limited recovery of infectivity in L. longipalpis (Fig. 2) . At the different time points PBM, a trend for an intermediate phenotype in terms of percentage infected flies was observed for MIL-R LiMT (Fig. 2A) . The actual numbers of parasites were not significantly higher compared to the MIL-R mutant (Fig. 2B) . Focusing on colonization of the stomodeal valve, the tendency of an increase was observed for MIL-R LiMT at 9-15 days PBM in L. longipalpis (Fig. 2C ), suggesting that once the infection becomes established, the MT-protein promotes parasite survival enabling colonization of the stomodeal valve. Although no significant differences were observed for the parameters discussed above, introduction of a wildtype LiMT gene seemed to increase metacyclogenesis considering all experiments performed (L. longipalpis 9.4% -P. pernicious 12.1% at 9 DPBM) with significantly increased flagellum/cell body length ratios (L. longipalpis 1.29 ± 0.04 μm, p < 0.05, Fig. 2D -P. perniciosus 1.40 ± 0.03 μm, p < 0.0001, Fig. S1C ), suggesting that MT plays a role during infection in L. longipalpis and P. perniciosus.
To evaluate the stability of the MIL susceptibility profile of the WT, MIL-R and MIL-R LiMT lines following passage in the sand fly (without hygromycin selection of the episomal LiMT copy), susceptibility was determined on post-fly isolates at the promastigote and intracellular amastigote level. Passage through the vector did not affect MIL susceptibility of the LiMT-deficient MIL-R line. Moreover, the episomally rescued MIL-R LiMT line remained susceptible in absence of hygromycin pressure (Table 1) .
Miltefosine pre-treatment of the MIL-R line does not significantly alter sand fly infectivity
Given the previously described drug-dependency of the MIL-R line (Eberhardt et al., 2018) , the effect of in vitro pretreatment of parasites with 40 μM MIL on infection and development inside L. longipalpis was evaluated. No significant differences in parasite load, metacyclic load and colonization of the stomodeal valve were observed between the two groups (Fig. 3) .
Discussion
This laboratory study focused on MIL resistance of visceral Leishmania parasites to characterize phenotypic effects in the sand fly vector that may affect some essential aspects of parasite transmissibility. Miltefosine is currently the only oral drug for visceral leishmaniasis and although deficiency in the aminophospholipid/MIL transporter is sufficient to elicit full resistance, only very few naturally MILresistant parasites appear to circulate. The two isogenic L. infantum LEM3323 lines with a differential MIL susceptibility used in this study differed by a lower copy number of four chromosomes (1, 2, 9, 12) and by the presence of a 2 bp-deletion in the LiMT gene, leading to an early stop codon and inactivation of the LiMT protein . LiMT is involved together with its β-subunit Ros3 in phospholipid translocation across the plasma membrane (Perez-Victoria et al., 2006a) . A low expression or a defect of this transporter will impact MIL uptake and convey resistance (Garcia-Sanchez et al., 2014) . The parasitological effects of the defective drug transporter were previously characterized in vitro and in experimental rodent infections (Eberhardt et al., 2018; Hendrickx et al., 2016) .
The phenotypic impact of MIL resistance in the selected parasite line was studied in L. longipalpis and P. perniciosus, both natural vectors of L. perniciosus and (B) L. longipalpis at 2, 5 and 9 days post blood meal (DPBM). Number of dissected females are shown above bars. Results shown are based on two independent repeats where all infection parameters were determined. Differences between groups were evaluated using Chi-square test. Infection intensity in (C) P. perniciosus and (D) L. longipalpis at 2, 5 and 9 DPBM. Parasite load was estimated by light microscopy: light infections < 500 parasites per gut, moderate infections 500-1000 parasites per gut, heavy infections > 1000 parasites per gut. Metacyclogenesis of WT and MIL-R per midgut at 9 DPBM in (E) P. perniciosus and (F) L. longipalpis determined by morphometry (flagellum/cell body length ratio). Results are expressed as mean ± SEM and are based on two independent repeats. Differences between groups were tested with an independent samples t-test. Percentage of (G) P. perniciosus and (H) L. longipalpis females with a colonized stomodeal valve at 9 days post blood meal. Number of dissected females are shown above bars. Results are based on two independent repeats. Differences between groups were evaluated using Chi-square test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
infantum (Dvorak et al., 2018; Sacks and Kamhawi, 2001) . Despite higher infection rates in L. longipalpis compared to P. perniciosus, development of the isogenic L. infantum lines showed the same relative differences. Although infection levels in both species of sand flies are relatively low, they are sufficient to appreciate the overall hampered development of the MIL-R line. Indeed, a significant fitness loss of MIL-R was recorded as compared to the WT counterpart, at the level of sand fly infectivity, stomodeal valve colonization and rate of metacyclogenesis. In both vectors, there was a decrease in parasite load from day 2 to day 5 post-infection due to the early events of blood meal digestion during which the parasites need to overcome expulsion during defecation. Additionally, parasite loads on days 7-12 post-infection were lower for MIL-R compared to WT, although high midgut loads may not necessarily be a prerequisite for successful transmission (Aslan et al., 2013; Secundino et al., 2012) . Nevertheless, colonization of the stomodeal valve and metacyclogenesis, both critical for transmission, were significantly impacted in L. longipalpis and P. perniciosus. This indicates that the studied MIL-R line may be poorly transmissible. It would be interesting to investigate the development of other MIL-R Leishmania strains inside the insect vector. Beside mutations in the MT gene, other mechanisms may cause an elevated MIL resistance, such as mutations in the ROS3 gene encoding a subunit of the MIL transporter complex or overexpression of ABC transporters resulting in increased drug efflux (Dorlo et al., 2012) . It remains to be evaluated how such changes would Significance levels based on a repeated measure ANOVA with Bonferroni multiple comparisons test are indicated next to the legends. Significance levels within experiments are indicated with a black asterisk for WT-MIL-R comparisons and with a red asterisk for MIL-R-MIL-R LiMT comparisons (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
Table 1
Promastigote and amastigote susceptibility of the selected strains against MIL before and after passage in L. longipalpis. Results are based on two independent repeats run in triplicate and are expressed as mean IC 50 value (μM) ± standard error of the mean (SEM).
Strains
Promastigote IC be tolerated in the sand fly vector. The observed fitness loss of the studied MIL-R line could be partially restored, with a significant impact on metacyclogenesis, by introducing an episomal copy of the wildtype LiMT gene. These observations suggest that the MT transporter is important for the maintenance of the plasma membrane composition (Fernandez-Prada et al., 2016; Perez-Victoria et al., 2006b; Rakotomanga et al., 2005) and thereby impacts the infection process in the sand fly vector. These results mirror observations made previously in mice, where the MIL-R line displayed a severely compromised potential to colonize visceral organs and where episomal MT reconstitution is able to partially restore parasite virulence (Eberhardt et al., 2018) . A possible explanation why an intermediate phenotype is observed after re-introduction of the WT MT gene, is the difference in regulation of gene expression between the episomal and chromosomal genes and the absence of hygromycin selection pressure during the in vivo studies. Alternatively, the impact of the somy differences between the MIL-R and WT isogenic lines (i.e. aneuploidy of chromosomes 1, 2, 9 and 12), intrinsic to the culture conditions, cannot be excluded.
A previous study revealed that the fitness loss of the MIL-R line could be partially restored in mice by exposure to MIL (Eberhardt et al., 2018) . Analogous experiments in sand flies where the infectious blood meal was supplemented with the drug, did not show a significant impact on parasite development. Collectively, this study shows that a MIL resistant parasite line is significantly hampered in its infectivity for two sand fly species. Additional studies on a larger panel of MIL-R parasite strains is essential to understand the transmissibility potential in view of the limited number of fully MIL-resistant clinical VL isolates identified so far.
